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Formaldehyde (HCHO), generating from hydrogen transfer (HT) of reactant, is significant for auto-
catalysis initiation and deactivation in methanol-to-olefins (MTO), but hitherto, its evolution
throughout the reaction has not been thoroughly revealed. Herein, by the established colorimetric
analysis method, HCHO in the MTO and dimethyl ether (DME)-to-olefins (DTO) reactions over
SAPO-34 was in situ quantitatively monitored, where HCHO was detected in slight and conspicuous
amounts at initial and deactivation stages with semi-conversion, also when co-fed with water or
high-pressure Hz. We reveal the weak HT ability of DME relative to methanol, which enables prom-
inent olefins-based cycle and suppresses reactant-induced HT and deactivation in DTO (which is
critical for MTO). A complete dynamic reaction network is disclosed, constituting two simultaneous
and interplaying pathways: the main reactions for olefin generation as the open-line and HT reac-
tions as the hidden-line. Especially, co-feeding high-pressure Hz> with DME capacitating a long-term
and highly efficient operation of DTO by modulating the dynamic reaction network to a more mod-
erate autocatalysis evolution, has great potential in industry application.
© 2023, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

dynamic autocatalytic process with olefin, methylcyclopentenyl
(MCP) and aromatic species working as (auto)catalyst: they not

Methanol-to-olefins (MTO) process, the most successful
nonpetroleum industrialized route to obtained olefins from any
gasifiable carbon-based feedstock (such as coal, natural gas,
biomass, carbon dioxide and waste), has been central to re-
search in both academia and industry [1-3]. MTO reaction is a

only independently guide their respective catalytic cycles but
also operate in concert to build a hypercyclic reaction network,
efficiently driving methanol conversion [4]. Hydrogen transfer
(HT) is the major route for the formation of these autocatalyst
(MCP and aromatic) and alkanes byproduct. But its contribu-
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tion to the dynamic reaction network of MTO has not been well
understood, which is critical for the delicate control of the reac-
tion process.

Two HT routes were identified in MTO: one is ole-
fin-induced HT (OIHT) pathway (Scheme 1, R6), which is wide-
ly accepted as the mostly happened HT route [5-7]; the other
proposed by Lercher et al. [5,7-9] is methanol-induced HT
pathway (MIHT) with formaldehyde (HCHO) as a key interme-
diate. Under typical MTO conditions, HCHO can be generated
from HT reactions of methanol (Scheme 1, R2-4) [5,10-14],
and/or thermal or reactor-wall catalyzed decomposition of
methanol (Scheme 1, R1) [15]. Notably, whether dimethyl ether
(DME), another C1 reactant as the dehydration product of
methanol, can generate HCHO via decomposition or analogous
HT reactions (Scheme 1, R7-R11) [14,16,17]) is controversial
[17-20]. Previous works revealed the role of HCHO in MTO
mainly including two aspects: engaging in the formation of
initial C-C bond [8,14,15,21-25] and accelerating catalyst de-

activation [5,8,18-20,26,27]. For this reason, scavenging HCHO
is considered to make an important contribution to prolonging
the catalyst lifetime of MTO in the strategies proposed by Bhan
et al. [26,28-31]. However, despite these proposals, HCHO has
not been directly observed and quantified in these works. The
lack of direct quantification of HCHO conceals its production
and fate from the initiation to decay of MTO autocatalysis un-
der real rection conditions.

Due to the high reactivity, low concentration, and low sensi-
tivity to flame ionization detector of chromatography [32],
HCHO is difficult to be quantitatively detected by conventional
methods like other hydrocarbons. For this reason, many works
only qualitatively evidence the existence of HCHO in MTO, es-
pecially at the initial reaction stage, by MS [8,12,13,25,33,34],
GC-MS [16,24,35], GC [16,24,35] and IR [5,15]. Recently, Lerch-
er’s group [8,17] adopted an absorption method to quantify
HCHO in MTO under short contact time with low conversion
conditions. Pan et al. [36] employed synchrotron radiation
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Scheme 1. Reaction pathways of HCHO generation and HT reactions
involving methanol, DME, and alkenes.

photoionization MS to quantitatively detect HCHO in MTO at
low-pressure. Despite these studies, quantitative detection of
HCHO is still challenging, and particularly, the evolution of
HCHO concentration during the entire MTO reaction, especially
at the deactivation stage, has so far been lacking. In this context,
it is challenging but imperative to quantitatively monitor HCHO
in real time, which is the foundation for getting a full picture of
complex reaction network of MTO, but also for achieving ra-
tional strategy for improving catalytic performance.

To tackle the aforementioned challenges, in this work, by
the established colorimetric analysis method, the evolution of
HCHO concentration throughout the MTO and DME-to-olefins
(DTO) over SAPO-34 under real reaction conditions was in situ
quantitatively determined. This allows us to further determin-
ing the H atoms trajectories throughout the reaction. On this
basis, by combining theoretical calculation, operando spectro-
scopic analysis, isotope switch experiment and deactivation
kinetics, the mechanism of HCHO generation at different stages
of MTO and DTO is uncovered; the competition of HT and
methylation reactions of methanol and DME, and its effect on
the reaction network and catalyst deactivation are also re-
vealed, which leads to the identification of deactivation models
for MTO and DTO. The effect of cofeeding water and
high-pressure Hz on MTO reaction are investigated based on
the direct experimental evidence from the quantitative detec-
tion of HCHO. Based on these understandings, DTO reaction is
conducted combining with high-pressure Hz cofeeding to fur-
ther modulate the dynamic reaction network for the achieve-
ment of more moderate autocatalysis evolution.

2. Experimental
2.1. Catalyst and characterizations

SAPO-34 were synthesized following the procedure de-
scribed in our previous work [37]. The H-form SAPO-34 were

obtained by calcining the crystallized products at 873 K in air
for 6 h to remove the template.

Elemental composition of the samples were determined
from the quantitative elemental analysis of bulk composition
obtained using a Philips Magix-601 X-ray fluorescence (XRF)
spectrometer.

Powder X-ray diffraction (XRD) patterns of samples were
recorded on a PANalytical X’Pert PRO X-ray diffractometer
equipped with Cu K, radiation (A = 1.54059 A), operating at 40
mA and 40 KV, scanning the 26 angle from 5° to 60° with a scan
rate of 5°/min.

The crystal morphology and average crystallite size were
characterized by a Hitachi SU8020 Cold Field Emission scan-
ning electron microscope (SEM).

Fourier Transform Infrared Spectroscopy (FTIR) study on
NH3 adsorption over H-form SAPO-34 was studied. The spectra
were collected on a Bruker TENSOR27 spectrometer at a reso-
lution of 4 cm-1! collecting 64 scans. H-form SAPO-34 samples
were pressed into thin wafer (7.84 mg cm-2) and in situ
pre-treated in an IR cell under ultra-high vacuum at 723 K for 1
h prior to NH3 adsorption. After the samples were cooled down
to 303 K, NH3 was introduced into the cell for 30 min, and then
evacuated for 30 min to remove gaseous NHs. Subsequently,
the sample wafer was evacuated at 423 K for 30 min to remove
the weakly adsorbed NHs, and then cooled down to 303 K to
record the spectrum.

2.2. Catalytic testing

For all MTO and DTO reactions, equimolar carbon amounts
of methanol and DME were fed. The SAPO-34 catalyst powder
was pressed and sieved into 40-60 mesh. Prior to reaction, the
catalyst was activated under He flow at 723 K for 40 min, and
then the temperature was readjusted to the reaction tempera-
ture.

All normal-pressure MTO and DTO reactions were carried
out in a fixed-bed quartz tube reactor with an inner diameter of
4 mm under atmospheric pressure. Typically, 100 mg SAPO-34
was used. Methanol (> 99.8%) was fed by passing nitrogen
through a saturation evaporator kept at 287.2 K. Gaseous DME
(4.5 mol% dilution with helium) was directly fed at atmos-
pheric pressure. In co-feeding experiments, H20 (ultra-pure
grade water) was fed by passing nitrogen through a saturation
evaporator kept at 305 K, achieving equal relative partial pres-
sure to DME (4.5%) and half of methanol (9%), and corre-
spondingly, equal flow rate of N2 was fed to achieve same con-
tact time and partial pressure of C1 reactant for all co-feeding
experiments. Differently, activity tests were conducted at var-
ied contact time (0.004-0.596 gcat h mol-1). 5-100 mg SAPO-34
catalysts were diluted with 238-0 mg quartz sand (40-60
mesh) to keep the same bed volume. CH30H kept at 300.2 K
and DME (9 mol% dilution with helium) were used.

All high-pressure MTO and DTO reactions were carried out
in a fixed-bed stainless steel reactor lined with a quart tube
with an inner diameter of 8 mm. Methanol (> 99.8%) was fed
by a pump and vaporized in the lined quartz tube reactor. Typ-
ically, 250 mg SAPO-34 was used, the total pressure is 2 MPa,
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and methanol weight hourly space velocity (WHSV) is 4.0 h-1.
Gaseous DME (mixed gas: 6.25 mol% DME, 6.25 mol% Nz, 87.5
mol% Hz) was fed with equimolar carbon amounts of metha-
nol. Gas hourly space velocity (GHSV) is 11206.4 h-1. For all
reactions, a certain flow of N2 was used as equilibrium gas to
ensure that the partial pressure of C1 reactant and the contact
time for each comparative experiment were identical.

Gaseous reaction products were kept at 473 K to avoid
condensation and analyzed via online gas chromatog-
raphy-mass spectrometer (GC-MS, Agilent 7890B/5977A)
equipped with a PoraPLOT Q capillary column and a flame ion-
ization detector. The conversion and selectivity of MTO and
DTO reactions were calculated on a CHz basis. Both methanol
and DME were considered as reactants in the calculation.

2.3. Operando DRIFT measurements

For operando diffuse reflectance infrared Fourier transform
spectroscopy (DRIFT) experiments, the evolution of catalyst
surface species as well as the gaseous products were simulta-
neously monitored by using an operando approach combining
DRIFT spectroscopy with online MS (Pfeiffer Omnistar GSD 301
T3). DRIFT spectra and MS signal were simultaneously collect-
ed at 623 K with reaction proceeding.

DRIFT spectra were collected on a Bruker Tensor 27 in-
strument with a diffuse reflectance infrared cell with ZnSe
window and a liquid nitrogen cooled Hg-Cd-Te detector. Before
the measurements, 20 mg catalysts powder was loaded in the
cell and flatten the surface, then pre-treated under a He flow at
773 K for 60 min and, subsequently, decreased to the reaction
temperature of 623 K. CHsOH was fed by passing 25 mL min-1
nitrogen through a saturator evaporator kept at 287.15 K. DME
(4.5 mol% dilution with helium) at 27.5 mL min-1 was fed at
atmospheric pressure to give the same CHz-based WHSV as
CH30H. Once the reactants were continuously introduced into
the cell loaded with catalysts, the absorbance spectra were
collected immediately by averaging 16 scans at 4 cm-! resolu-
tion.

According to the database of the National Institute of Stand-
ards and Technology (NIST), the m/z values of the corre-
sponding substances were referred as follow: Methanol (31,
after subtracting the fragment ion signal of m/z = 31 from
DME), DME (45), ethylene (26, after subtracting the fragment
ion signal of m/z = 26 from propene), propene (41, after sub-
tracting the fragment ion signal of m/z 41 from DME).

2.4. Exsitu solid-state NMR experiments

When the reaction of 13C-CH30H (kept at 287.15 K with rela-
tive partial pressure of 0.09) or 13C-DME (4.5 mol% dilution
with helium) conversion was proceeded for a predetermined
time (following the procedure mentioned in catalytic testing),
reactants flow was cut off and the reactor was quenched by
liquid nitrogen immediately. Then, the cooled catalysts were
rapidly transferred into 4 mm magic angle spinning (MAS)
NMR rotors in a glove box for solid-state NMR measurement.
The solid-state NMR measurements were performed on a

Bruker Avancelll 600 spectrometer equipped with a 14.1 T
wide-bore magnet using a 4 mm WVT MAS probe. The reso-
nance frequencies for 13C and 'H nucleus were 150.9 and
600.13 MHz, respectively. The 1D !H-13C cross-polarization
(CP) spectra were recorded with a MAS frequency of 12 kHz. A
3400 scans were accumulated with the m/2 pulse length of 5.0
us for 1H and 4.8 us for 13C, a cross-polarization contact time of
3 ms and a recycle delay of 2 s. Referencing chemical shifts
were to adamantane with the upfield methine peak at 29.5
ppm. The spectra were recorded at room temperature.

2.5. 12C/13C switch experiments

The 12C/13C methanol and 12C/13C DME switch experiments
were conducted at 573 K over SAPO-34, and all reactants were
fed in following the procedures described in catalytic testing.
Firstly, building up 12C hydrocarbon pool in HSAPO-34 by
feeding 12C-methanol or 12C-DME for 18 min. Then the feeding
of 12C-methanol or 12C-DME was stopped and !3C-methanol or
13C-DME was switched into the reactor for 0.5, 1.0, and 1.5 min,
respectively, and following closely, the reactants flow was cut
off and the reactor was quenched by liquid nitrogen immedi-
ately. The isotopic distributions of gas effluent products and
retained material confined in the catalyst (following the pro-
cedure in coke analysis) were analyzed via GC-MS (Agilent
7890B/5977A).

2.6. Coke analysis

The total coke amounts of the spent catalysts were deter-
mined by thermogravimetric analysis (TGA) performed on a TA
SDTQ 600 analyzer. Typically, about 10 mg sample was loaded
and heated from room temperature to 1173 K with a tempera-
ture-programmed rate of 10 K min-! under an air flow of 100
mL min-1. The weight loss below 523 K is ascribed to water
desorption.

20 mg spent catalysts were dissolved in 0.4 mL 20% hydro-
fluoric acid (HF) solution in a Teflon vial to liberate the re-
tained species, and then it was extracted by the addition of 0.5
mL dichloromethane (CHzClz) containing hexachloroethane
(C2Cle) as internal standard. The CH:Clz-extracted organic
phase, hereinafter called “soluble coke” (molecular weight
smaller than 300 g mol-1), was analyzed by GC-MS (Agilent
7890A/5975C) equipped with a HP-5 capillary column and
identified by reference to the mass spectral library of NIST08.

2.7. Theoretical calculations

DFT calculations performed with the Gaussian 09 package
[38] were applied to calculate the reaction energy barriers of
methylation reactions. An extended 74T(SiP36Al370119Hs9)
cluster model extracted from the crystallographic CHA struc-
ture (from the International Zeolite Association) was used to
represent SAPO-34 and the locations of BAS were chosen at the
8-MR window, accessible for adsorbents and surrounded by
maximum reaction space [39]. The wB97XD hybrid density
function with 6-31G(d,p) basis sets and semi-empirical AM1
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were employed to predict the geometries of various adsorption
structures and transition states. ®B97XD, a hybrid meta meth-
od, can describe empirical dispersion and long-range disper-
sion interactions [40]. During the structure optimizations, the
8-MR window, (Si0)3-Si-OH-Al-(SiO)s active center and the
adsorbed species were optimized using the ®B97XD method in
the high level layer, while the rest of atoms were set in the
low-level layer with semi-empirical AM1 method. All the atoms
apart from the terminal H atoms were relax during the whole
structure optimization. To obtain highly accurate energies, the
single point energies were calculated at the level of
wB97XD/6-31G(d,p) based on the optimized structures. The
frequency calculations were performed at the same level as
geometry optimizations. The transition state had only a single
imaginary frequency, and the adsorbed state was located at the
energy minima of the potential energy surface without imagi-
nary frequencies. The intrinsic free energies barriers (AG¥)
under the real reaction condition at 623 K for each elementary
reaction was obtained from the ®B97XD/6-31G(d,p) total elec-
tronic energies and the thermal correction from the
wB97XD/6-31G(d,p): AM1 frequency calculations. The energies
reported here have been corrected for zero-point vibration
energies.

3. Results and discussion

3.1. HCHO detection and formation mechanism in different
reaction stages of MTO reaction

3.1.1. General feature of MTO reaction

The characterization results of SAPO-34 are shown in Figs.
S1-S3. SAPO-34 exhibits a Si/(Si + Al + P) ratio of 0.085. The
XRD pattern shows the characteristic CHA structure with a high
crystallinity and indicates no observable impurity phases pre-
sent (Fig. S1). SEM demonstrates its cubic crystal morphology
and average crystallite size of about 8 pm (Fig. S2). FTIR spec-
tra of NH3 adsorption (Fig. S3) proves that almost no Lewis acid
sites (LASs) are present on SAPO-34 used in this work, and the
reaction is almost performed based on Bronsted acidic sites
(BASs).

The methanol conversion over SAPO-34 at 623 K follows the
characteristic inverse S-shape curve with time on stream (Fig.
1(a)), with a period of full conversion followed by a rapid de-
cline in conversion after reactants (methanol and/or DME)
breakthrough, which is the typical behavior of MTO and irre-
spective of catalyst topology [41]. This conversion curve, serv-
ing as the “open-line” of MTO reaction, reflects the three suc-
cessive reaction stages, including induction stage (too short to
be observed in this work), pseudo steady-state stage and deac-
tivation stage. The formation of HCHO in MTO has been noticed
[8,12,16,24,34,35], but was often focused on the initial stage
and/or under low conversion conditions.

3.1.2. Colorimetric analysis method of HCHO quantitative
detection

Here, we adopt a colorimetric analysis method to quantify
HCHO during the entire MTO and DTO process. First, the reac-

tion effluent is condensed into a centrifuge tube placed at the
outlet end of the fixed-bed reactor for a predetermined time, 5
min typically. Subsequently, HCHO was quantified by the fol-
lowing chromogenic reaction (Scheme 2 [42]).

After 8 min of chromogenic reaction, take pictures to record
the color of the solution. If the color changed from colorless to
purple-red, the existence of HCHO could be confirmed, and the
depth of the purple-red is proportional to the content of HCHO.
Based on a series of chromogenic reaction for HCHO solutions
with different concentrations, the quantitative relationship
between HCHO concentration and color of chromogenic reac-
tion was obtained (Fig. S4, same as Figs. 1(c), 4(c), 8 and 9).

Several representative oxygenates, some of which have
been identified or speculated during the MTO reaction, includ-
ing aldehydes (HCHO, CH3CHO, CH3CH2CHO), alcohols (CH30H,
CH3CH20H), acids (HCOOH, CH3COOH), ketones (CH3COCHs)
and esters (HCOOCHs, CH3COOCH3), were selected for compar-
ative experiments. All representative oxygenated compounds
are colorless in colorimetric determination (Fig. S5) except for
HCHO, which is purple. These results indicate that the above
oxygenated compounds do not interfere with the chromogenic
analysis of HCHO in the MTO/DTO reaction.

Furthermore, blank experiments for HCHO detection on the
fixed-bed reaction device system were conducted. The results
in Fig. S6 shown that almost no HCHO was detected during the
conversion of methanol and DME in the empty reaction device
system under reaction conditions in this work. These results
deliver the evidence of the reliability and effectiveness of this
method, and enable us to conduct quantitative analysis of
HCHO in the MTO/DTO reaction.

3.1.3. The evolution of HCHO concentration and zeolite surface
species in MTO reaction

As shown in Fig. 1(c), a trace concentration of HCHO was
detected at the initial stage, and HCHO concentration faded
away when methanol was completely converted, and then in-
creased considerably during the deactivation stage, especially
when the conversion was lower than 50%. These results, for
the first time, directly establish the evolution of in situ gener-
ated HCHO concentration as the reaction proceeds from onset
to decay. Based on this, we next investigate the mechanism of
HCHO formation at each stage of MTO, by determining the H
atoms trajectories, tracking the dynamic catalyst surface, and
evaluating the thermodynamic feasibility of correlative HT
reactions.

The operando approach-combing DRIFT spectra and
MS-was employed to track the dynamic catalyst surface (Fig.
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N | HCHO N | KIO, & Il
HS—( ﬁ—NH —_— HS—( w—NH —_— HS—( \I—N
| I (alkaline | | | |
N——N condition) N——N N—N
(U] (U] (D))
Scheme 2. Chromogenic reaction for HCHO detection [42]. HCHO con-
denses with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT,
compound I) under alkaline conditions to form compound II, which are
then oxidized by potassium periodate to purple-red 6-mercapto-5-
triazole (4,3-b)-S-tetrazine (compound III).
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Fig. 1. Conversion and methane selectivity (a), product distribution (b), and colorimetric determination of HCHO concentration (c) versus time on
stream for MTO reaction over SAPO-34 at 623 K with a methanol WHSV of 2.0 h-1; (d) Operando DRIFT spectra recorded during methanol conversion

on SAPO-34 at 623 K from 0 to 60 min.

1(d)) and effluent species profiles (Fig. S7) during methanol
conversion. Upon adsorption of methanol (2956 and 2852
cm-1) [43,44], with the gradual disappearance of Bronsted acid
sites (BASs, 3612 and 3591 cm-1) [45], DME (3010, 2968, 2945
and 2840 cm-1) [43,44] and surface methoxy species (SMS,
2977, 2867 and 938 cm-1) [43,44,46] were instantly formed.
The intensity of SMS increased from 0 to 4.3 min, and then
gradually diminished and vanished after ~15 min during initial
stage. Concurrently, dimethylcyclopentenyl cationic (1504
cm-1) [47,48] and aromatic species (1610 cm-1) [46,49] ap-
peared and increased in intensity with reaction proceeding,
and simultaneously, a broad band centered at 3557 cm-! ap-
peared, attributed to the Si(OH)AI groups interacting with the
confined organic species as adsorbates. Real-time DRIFT spec-
tra clearly demonstrate the dynamic evolution of zeolite sur-
face species with the proceeding of reaction, from BASs to the
SMS and to multi-carbon species with higher H-unsaturation,
which is originated from the successive occurrence of HT reac-
tions. This eventually contributes to the dynamically evolving
molecular routes of the MTO.

3.1.4. The mechanism of HCHO generation at the initial stage of
MTO reaction

The aforementioned evolution trend of HCHO concentration
exhibited similar time-resolved variations with CHas selectivity
(Fig. 1(a)), suggesting that they originate from the same path-
way. During the initial stage, the active sites relay from BASs to
the SMS (Fig. 1(d)), and SMS could abstract a hydride from
methanol, stoichiometrically generating a molecule of CHs and
HCHO. This elementary reaction has been assessed by theoret-
ical calculations [17,21,50-52], giving the energy barrier of
147-171 K] mol-! [21,50-52] and AG* of 222 k] mol-! [17]. We
also performed DFT calculation for this HT reaction at 623 K
over SAPO-34, giving the AG* of 200 k] mol-! (Fig. 2(a)). How-
ever, it is crucial to take the first step into account, i.e., the SMS
formation by eliminating a water molecule from adsorbed
methanol (AG* is 173 K] mol-! [53]). The above HT reaction
between SMS and methanol was further assessed using a mol-
ecule of produced water as an assisted molecule, and a lower
AG* of 164 K] mol-! was obtained, due to a more stable transi-
tion state stabilized by water (Fig. 2(b)). Similar result was
reported by Hu and coworkers [54]. In addition to the stepwise
HT mechanism, the concerted HT mechanism between two
methanol molecules was also calculated with AG* of 176 K]
mol-1 (Fig. 2(c)). These results suggest that HT from methanol
to the SMS assisted by water, is the main route for the for-
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Fig. 2. Optimized transition states structures and free energies barriers (AG*) of HT reactions over SAPO-34 at 623 K.

mation of CH4 and HCHO at the very beginning of MTO.

3.1.5. The mechanism of HCHO generation at the deactivation
stage of MTO reaction

Interestingly, during the deactivation stage, CHs selectivity
was close to that in the initial stage (Fig. 1(a)), but HCHO con-
centration was much higher (Fig. 1(c)), suggesting that there
are other pathways contributing to HCHO generation. Noting
that when the conversion was below 50%, alkanes (especially
propane) selectivity increased apparently, accompanying with
a decrease in alkenes (especially propene) selectivity (Fig.
1(b)). These observations allow the deduction that HT from
methanol to alkenes giving HCHO and alkanes contributes sig-
nificantly to the higher HCHO concentration after the occur-
rence of incomplete methanol conversion. It was further sup-
ported by the lower calculated AG* of HT reaction for methanol
with propene (as a representative of alkenes, Fig. 2(g), 149 K]
mol-1) than that with SMS (Fig. 2(b), 164 k] mol-1). Neverthe-
less, from the perspective of the overall complex reaction net-
work for methanol conversion (Fig. 3), it should be stated that
HT reactions between olefinic species, i.e. OIHT [5-7], are the
significant pathway to generate alkanes.

3.1.6. The reaction network of methanol to hydrocarbon
process

As shown in Fig. 3, methanol conversion over zeolite is a
dynamic process for C-C assembly from C1 reactant through
direct and/or indirect mechanisms [1-4]. Correspondingly,
open-line of MTO reaction is observed, reflecting the evolution
of the domino likes [4] reaction sequence running from initia-
tion to decay. Accompanying with the growth of the carbon

chain, unsaturation degree of hydrocarbons, especially the re-
tained organics in catalyst, also progressively increases (from
olefin to polyene, cyclopentadiene, aromatics, and to polycyclic
aromatic hydrocarbons (PAHs)). The increase in unsaturation
degree of hydrocarbons is driven by the HT reaction—the
“hidden-line” of MTO, in which HT from the H-donor (such as
methanol, cyclic or chain alkane or alkene, and aromatics) to
H-acceptor (frequently methanol and alkenes), resulting in the
more H-deficient species (HCHO, polyenes and PAHs) and more
saturated (cyclo)alkanes species (including methane), respec-
tively [5-20,26,27]. Therefore, HT reaction not only generates
unsaturated active intermediates for methanol conversion, but
also is a pivotal step for the formation of carbon deposits,
which plays a critical role in the initiating, sustaining, and de-
caying of MTO autocatalysis. Particularly, the role of HCHO in
the reaction network is further involved in Prins reaction with
olefins to give polyene, and in alkylation reaction with aromat-
ics to give products mediated by benzyl carbenium ions
[5,8,18-20,26,27] (Fig. 3), which assists the formation of the
hydrocarbon pool (HCP) species in the initial stage and the
generation of PAHs in the deactivation stage, ultimately accel-
erating both reaction initiation and deactivation.

3.1.7. The mechanism of HCHO generation at the pseudo
steady-state stage of MTO reaction

Notably, almost no HCHO was detected at the pseudo
steady-state stage, in which methanol was completely con-
verted via the highly-efficient autocatalytic hypercyclic net-
work, generating abundant alkenes as main effluent products
and aromatics retained in zeolite, and thus, HT reactions main-
ly occur between these species, i.e. product-induced HT. The
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above observations allow us to deduce the condition of HCHO
generation—the high local concentration of reactant (methanol),
where methanol is not full converted, i.e, the hypercycle for
methanol conversion has not yet been established (induction
stage) or has subsided (deactivation stage). This is further
supported by Lercher et al. [5] who proposed that MIHT domi-
nated the generation of HT products in MTO at partial conver-
sions, whereas the contribution of OIHT is negligible owing to
the inhibition of olefin adsorption at BASs by the presence of
methanol, and OIHT is only relevant when full methanol con-
version is achieved.

3.2. HCHO detection and formation mechanism in different
reaction stages of DTO reaction

3.2.1. General feature and evolution of HCHO concentration for
DTO reaction

As shown in Figs. 4(a)-(c), when using sole DME feed, the
reactivity loss rate slowed down and the corresponding HCHO
concentrations were also lower compared with sole methanol
feed. These results allow us to argue the specific role of meth-
anol on HCHO formation and catalyst deactivation, which,
however, is markedly different from DME.

Notably, Olsbye et al. [18-20] proposed that HCHO can be
formed exclusively from methanol, but not from DME. This

view was also supported by Bhan et al. [26], who concluded
that DME cannot undergo an analogous HT reaction like meth-
anol because there exists no stable product of DME dehydro-
genation. However, Lercher et al. [17] recently proposed that
the reactivity of DME for the formation of CHs and HCHO is
higher compared to methanol. Regardless of these controver-
sies, in this work, HCHO was indeed detected in DTO, and, par-
ticularly, its concentration was far less than that in MTO (Fig.
4(c)). Such observation was more clearly confirmed by the
reactions of MTO and DTO with similar initial conversion of
80% over SAPO-34 at 623 K (Fig. S8).

3.2.2. The mechanism of HCHO generation at the initial stage of
DTO reaction

The evolving routes of dynamic catalyst surface (Fig. 4(c))
and effluent species profiles (Fig. S9) during DME conversion
are analogous with MTO reaction, except that the evolution
process in the initial stage is faster. During DTO reaction, the
SMS emerged after DME adsorption and then gradually dimin-
ished (Fig. 4(c)), and moreover, trace amount of HCHO was
detected together with high methane selectivity at the initial
stage of DTO (Figs. 4(a), (c)). The elementary steps for HCHO
generation from DME were studied by theoretical calculations.
Firstly, adsorbed DME eliminates a methanol molecule to gen-
erate SMS (AG* is 156 k] mol-1 [53]). Then, SMS further reacts
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with another DME molecule assisted with a methanol molecule
generated by the first step to form CHs4 and methoxymethylene
carbenium jon (CH3OCHz*) giving a AG* of 189 k] mol-! (Fig.
2(e)), and AG* is 180 k] mol-! without assisting molecule (Fig.
2(d)). Subsequently, the unstable CH3OCHz* dissociates into
SMS and HCHO (AG* is 162 k] mol-, Fig. 2(i)). The concerted
HT mechanism between two DME molecules was also evaluat-
ed, giving a higher AG# of 205 k] mol-1 (Fig. 2(f)).

3.2.3.  The mechanism of HCHO generation at the deactivation
stage of DTO reaction

Notably, the significantly increased alkane selectivity and
concomitantly decreased alkene selectivity at deactivation
stage of MTO (Fig. 1(b)) were not observed in DTO (Fig. 4(b)),
and the propane/propylene ratio, which is often considered to
be an HT index, for MTO reaction is higher than DTO reaction,
especially at the deactivation stage (Fig. S10). This inspired us
to evaluate the HT reaction of DME with alkenes. Taking HT
reaction of DME with propene (as a representative of alkenes)
to produce propane and CH30CH:* as an example, the calculat-
ed AG* was 170 k] mol-! (Fig. 2(h)). The AG* of HT reaction
using DME as a H-donor to form HCHO is higher than methanol

for both the SMS (25 k] mol-1) and propene (21 k] mol-1),
which provide theoretical evidence for the lower HCHO con-
centration during the DTO reaction. Moreover, the AG* of HT
reaction with propene is 15 and 18 k] mol-! lower than with
SMS for methanol and DME, respectively, supporting the higher
HCHO concentration at deactivation stage than initial stage for
both MTO and DTO.

Interestingly, unlike MTO reaction, the methane selectivity
does not increase significantly and remains at a low level dur-
ing the deactivation stage of DTO (Fig. 4(a)), even at very low
conversion level (Fig. S11). Consensus on the mechanism for
methane generation after the induction stage of MTO is the
result of HT reaction using methanol as H-acceptor, accepting
hydrogen from the H-donor, such as (a)cyclic-alkane/alkene,
aromatic and coke (Fig. 3) [26]. Accordingly, this observation
suggests that using DME as a H-acceptor (Scheme 1, R11) is
difficult to occur these HT reactions for methane generation
(Scheme 1, R5). Comprehensively, these experimental and
computational results provide conclusive evidence for the
strong HT ability of methanol compared to DME, whether as
H-donor (generation of HCHO) or acceptor (generation of CHa).
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3.2.4. The contribution of methanol HT to HCHO generation in
DTO reaction

Actually, we can hardly exclude the contribution of metha-
nol HT to the generation of HCHO in DTO, because methanol is
inevitably produced during the conversion of DME, and the key
may lie in the concentration of methanol in the reaction system,
which is related to the thermodynamic equilibrium between
CH30H and DME. By comparing the experimental molar frac-
tion of CH3OH and DME in the effluent with that estimated in
the thermodynamic equilibrium state at different conversions
(see Supplementary Note for detailed calculation), it can be
observed that for all MTO and DTO reactions with initial con-
version of 100% (Figs. 1(a) and 4(a)) and 80% (Fig. S8), the
traditionally-viewed CH3OH-DME equilibrium was not estab-
lished (Fig. 5). Actually, the reactant concentration in the reac-
tor was closer to the feed composition, i.e. dominating by
CH30H in MTO, and by DME in DTO, where only a small amount
of methanol was produced. More importantly, the methanol
molar fraction in MTO reaction with initial conversion of 80%
was higher than that when methanol was initially full convert-
ed (Fig. 5(a)), corresponding to its higher HCHO concentration
(Figs. 1(c) and S8). The same results were also observed in the
DTO reaction (Fig. 5(b), Figs. 4(c) and S8). These observations
present a positive correlation between methanol concentration
and HCHO concentration. More importantly, it also allows us to
argue that HCHO in DME conversion process is likely to gener-
ate from its product of methanol, but we can hardly exclude the
routs form DME directly, although theoretical calculations give
higher energy barriers.

3.3.  Competitive propene methylation and hydrogen transfer
with methanol and DME

C1 reactant undergo competitive HT and methylation reac-
tions with HCP species (Fig. 3). We next explore such competi-
tion and its effect on reaction network by assessing the HT and
methylation ability of methanol and DME to HCP species, taking
propene as an example. As shown in Figs. 6(a) and (b), the dif-
ferences for overall free energy barriers between methylation
and HT reactions with propene were found to be 9 k] mol-! for
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@ quilibrium Xoue
80 4 MTO + @+ Experimental Xcu,on

+ @+ Experimental Xowe

60 +{+ Experimental Xi

methanol (139 k] mol-! [53] and 149 k] mol-1) and 33 k] mol-!
for DME (136 k] mol-t [53] and 170 k] mol-1). This indicates
that the methylation and HT reactions of methanol are clearly
in competition in MTO, and instead, the higher overall barrier
makes HT of DME less efficient in DTO.

Next, the impact of above competition on the reaction net-
work was assessed. Firstly, MTO and DTO reactions were ob-
served to share the same retained active intermediates, i.e.,
heptamethylbenzenium cation and pentamethylcyclopentenyl
cation, captured by ex situ 13C CP/MAS NMR after 15 min of
reaction (Fig. S13). Further, 12C/13C isotope switching experi-
ments were conducted to distinguish the mechanistic routes of
methanol and DME conversions (Figs. 6(c) and (d)). Hexa-
methylbenzene (hexaMB), with the highest 13C incorporation
among the confined organics, was identified as the most reac-
tive aromatic species, in line with previous work [55,56]. For
MTO, the comparable 13C incorporation between hexaMB and
effluent olefins implies the prevalence of aromatics-based cycle.
While for DTO, the much higher 13C incorporation for olefins
than hexaMB and other aromatics signifies the operation of
both aromatics- and olefins-based cycles [57,58]. Moreover, the
higher reactivity of methanol for HT reaction than DME is ben-
eficial to the generation of H-deficient products (generating
from HT reaction of methanol directly or indirectly (via
HCHO)), especially including the highly reactive aromatic spe-
cies, thus also making aromatics-based cycle more predomi-
nant in MTO (Fig. 6(e)). In addition, although the product water
in MTO is twice that of DTO under the above reaction condi-
tions (full conversion), the prevailing aromatics-based cycle in
MTO suggests that the strong HT ability of methanol is less
affected by product water in this work, although water is gen-
erally considered to be an inhibitor for HT reaction [59,60].

We have shown that the competition of methylation and HT
is different for methanol and DME and it will affect the relative
extent of the alkene and arene cycles. In addition to this, the
competition of these two pathways for both methanol and DME
changes with the progress of the reaction. The reaction barrier
for methylation of alkenes and aromatics by methylating rea-
gents (methanol, DME, or SMS) drops continuously with in-
creasing number of carbon atoms of alkenes [55,61-67] and

100
Equilibrium Xcw,on
DTO @mmE quilibrium Xowe
80 + @+ Experimental Xci
+ @+ Experimental Xome
)
- ot
2 60 «O+ Experimental Xom
o
E

(] 20 40 60 80 100
Conversion (C %)

Conversion (C %)

Fig. 5. The experimental and calculated molar fraction of CHsOH and DME as a function of conversion for MTO (a) and DTO (b) reactions, over
SAPO-34 at 623 K. Solid lines: calculated thermodynamic equilibrium molar fraction of CH3OH (orange) and DME (blue) according to the assumption
that the CH3OH-DME equilibrium is always established. The detailed calculations are referred to Ref. [19] and described in supporting information
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with yellow and light blue circle: MTO and DTO reactions with an initial conversion of 80%, reaction conditions are same as Fig. S8.
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methyl group substituents on the aromatic ring [65,68], re-
spectively. Therefore, during the dynamic C-C assembly pro-
cess, the methylation reaction is increasingly favorable and
dominant at the pseudo steady-state stage. While, higher reac-
tant concentration under semi-conversion conditions, i.e., ini-
tial and deactivation stages where the hypercyclic network
does not operated efficiently, is favorable for reactant HT reac-
tions.

3.4. Deactivation mechanism of MTO and DTO reactions

Based on the understanding of the competition between HT
and methylation reactions of methanol and DME, and the
mechanism of HCHO generation, we investigate next their ef-
fects on deactivation mechanism by using a deactivation model.
The deactivation model considers that deactivation is a coking
process driving by reactants and/or products, in which three
kinds of reactions are considered [69]: reactants (R) to effluent
products (P), products and reactants to coke (C), with corre-
sponding rate constants of ki, kz, and ks, respectively (Fig. 7(a)).

Therefore, the reaction system can be described by the follow-
ing model[69] (assuming the initial conversion is 100%):

RSP —d[R]/dt = (ky + ky) X N X [R] (0
RS ¢ d[C];/dt = (ky X [R] + k3 X [P]) X [N]; (2)

PSS dp)/dt = (ky x [R1— ks X [PD XN (3)

where N is the number of active sites. For simplicity, all reac-
tions are assumed to be first order to the reactant. The reactor
was modelled as a series of 10 segments, where each segment
was considered a perfectly mixed sub-reactor. The concentra-
tions of R, P and C were integrated along the reactor (10 seg-
ments) for each reaction time, moreover C and N in each reac-
tor segment (i) were integrated with reaction time (j):
Nij = Nij1 - Cjj (4)
Using the model of catalyst deactivation (Egs. (1)-(4)) [69]
to fit the reaction results (reactant conversion versus time on
stream), the corresponding rate constants ki, k2 and k3 can be
obtained (Fig. 7(b)). The kinetic parameters have been esti-
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mated by the trust-region-reflective algorithm (default algo-
rithm for Isgnonlin function in MATLAB) and the differential
equations have been solved by the ode23s function in MATLAB,
which is based on a modified Rosenbrock formula of order 2.
Optimization of the Kkinetic parameters was performed by
minimizing the error objective function (Eq. (5)), which is the
difference between the experimental and calculated values of
the reactant conversions in MTO and DTO reactions.

Nexp

EOF = Z Kicexpy — Xicear)? (5)

i=1
where, Xiexp) and Xica) are the experimental and calculated val-
ues at experimental point i.

For MTO, the comparable values of k2 and k3 means a typical
mixed reactant/product-induced deactivation process, corre-
sponding to the proposed layer-by-layer inhomogeneous “cigar
burn” model [70,71]. However, the relative value of kinetic
constant obtained for reactant-induced coke formation (k2) is
much smaller than that for product-induced coke formation
(ks) in DTO, which is consistent with its relatively homogenous
deactivation process.

The deactivation kinetic results reveal that methanol has a
direct and significant contribution to catalyst deactivation. The
nature of deactivation is a coking process with the decay of
active aromatic species into on-surface or in-pore inactive and
irreversibly adsorbed PAHs, which is driven by HT reaction.
The identified HT pathways include conventional OIHT and
reactant-induced HT, which respectively drive the product- and
reactant-induced deactivation process. Originating the strong
HT ability of methanol both as H-acceptor (production of me-
thane and H-poor species directly promoting coking process)
and H-donor (production of HCHO triggering HCHO-mediated
deactivation process [5,8,18-20,26,27], Fig. 3), reac-
tant-induced deactivation is critical for MTO. Differently, the
higher overall barrier of HT reactions for DME with weak HT
ability, depresses the reactant-induced HT reactions and thus
the generation of HCHO and alkanes in DTO. This was further
evidenced by the lower relative content of insoluble coke and
higher relative content of polymethylbenzene based on coke
analysis by TG and GC-MS experiments (Fig. S14). Therefore,
using DME as feedstock could largely depress the reactant HT
reactions, and thus reactant-induced deactivation is marginal-
ized and a moderate deactivation mode could be achieved,

mainly relevant with the product-induced deactivation. In ad-
dition, the constrained mass transfer of DME relative to meth-
anol over SAPO-34 alleviates the high local chemical potential
of reactant by attenuating its local enrichment, thereby gener-
ating relatively moderate reaction kinetic [53]. Comprehen-
sively, originating from the weak HT ability and frustrated
mass transfer of DME, the DTO reaction is characterized by
moderate and homogenous reaction and deactivation.

3.5. Strategies for mitigating catalyst deactivation

The above uncovered deactivation mechanism provides
fundamental basis for mitigating catalyst deactivation. Strate-
gies to circumvent deactivation could be conceptually achieved
by mitigating coking process corresponding to k2 and k3 (Fig.
7(a)), which can be realized by inhibiting the reactant- and
product-induced HT reactions through minimizing their chem-
ical potential. Obviously, this can be realized directly via the
strategy supported by the substantive evidence in this
work-minimizing methanol chemical potential through re-
placing methanol (higher HT ability) with DME (higher meth-
ylation ability), for which it inhibits the methanol involved HT
reactions, especially including the generation of HCHO.
Cofeeding water [59,72-74] and high-pressure Hz [30,75,76] in
MTO have been reported to extend catalyst lifetime and miti-
gate catalyst deactivation. Notably, Bhan et al. [26,28-31] pro-
posed that the above strategies can scavenge the generated
HCHO by hydrolysis and hydrogenation, rationalizing their
effect on MTO. However, direct experimental evidence is still
lacking. As such, we next revisit the two strategies from the
perspective of HCHO, based on the direct experimental evi-
dence from the quantitative detection of HCHO.

3.5.1. The effect of H20 cofeeding on MTO reaction

As shown in Fig. 8(a), cofeeding with appropriate amounts
of water to methanol feed over SAPO-34 at 723 K prolongs the
catalyst lifetime, in line with previous work [73,75,77]. Addi-
tionally, the induction period of MTO (performed at 548 K to
observe induction stage) is extended by cofeeding water and
increases with increasing the partial pressure of water in the
feed (Fig. 8(d)), which is consistent with the observations by
Weckhuysen at al. [59] Correspondingly, the quantification of
HCHO was conducted. A considerable quantity of HCHO was
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still detected in the CHsOH-H20 cofeeding reaction (Figs. 8(c)
and 8(f)), and its amount was slightly lower than that in the
CH30H-Nz: cofeeding reaction (Figs. 8(b) and 8(e)).

Our results provide direct experimental evidence for that
HCHO can be partly eliminated by water cofeeding, partially
contributing to the above effect of water cofeeding on MTO,
and, however, this effect is not dominant, considering the con-
siderable amount of HCHO in CH30H-H:20 cofeeding reaction. In
fact, the effect of water on the MTO is very complex, and partic-
ularly, competitive adsorption between water, oxygenates, and
HCPs has generally been used as a basis to rationalize the ob-
served effects of water on MTO [59,72-74]. Specifically, it de-
creases the intrinsic reactivity of methanol and olefin and their
accessibility to BASs, which attenuates many steps in the reac-
tion network, including not only the generation of initial HCP,
but also the dimerization, cyclization and HT of olefins (Fig. 3),
thus prolonging the induction period and moderating the for-
mation of coke [59,72-74].

3.5.2. The effect of Hz cofeeding on MTO reaction

Next, we investigate the effect of Hz cofeeding on MTO un-
der high pressure. As shown in Fig. 9(a), a remarkably pro-
longed catalyst lifetime and reduced deactivation rate were
observed in CH3OH-H: cofeeding reaction comparing with
CH30H-N: reaction over SAPO-34 at 723 K under 2 MPa, which
are in line with the results reported by Bhan et al. [29,30] and

our previous work [75]. Similar results also reported in syn-
gas-to-olefins reaction via a dual-bed catalyst [78-80]. For high
pressure MTO reaction, it is inevitable to use the stainless steel
reactor, which is capable of decomposing methanol to HCHO
[19]. In this work, plenty of HCHO was detected in the blank
experiments conducted in an empty fixed-bed stainless steel
reactor lined with a quart tube under identical reaction condi-
tions (Fig. S15), which interferes with the evaluation of zeo-
lite-catalyzed HCHO generation in the high-pressure MTO reac-
tions. Nevertheless, a considerable quantity of HCHO was de-
tected in CH3OH-H: cofeeding reaction (Fig. 9(c)), which is sim-
ilar to that in the CH3OH-Nz2 reaction (Fig. 9(b)), indicating that
HCHO was not conspicuously reduced in MTO with
high-pressure Hz cofeeding.

Several plausible explanations have been proposed for the
beneficial effects of H2 on MTO lifetime: (1) hydrogenation of
unsaturated HCPs such as alkenes, dienes (more favorable
[30,76]) and aromatics [75,76], which attenuates aromatization
process evoking by the cascade reactions of these species
[30,75,76], i.e., product-induced HT reactions; (2) hydrogena-
tion of HCHO, thereby suppressing HCHO-mediated deactiva-
tion process [29,30,76]; (3) decoking by high-pressure Hz [75].
However, our results provide direct experimental evidence that
high-pressure Hz cofeeding does not conspicuously reduce
HCHO in MTO reaction. The effect of H2 on MTO is convoluted,
except for the proposed hydrogenation of unsaturated species
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[29,30,75,76] and coke decoking [75], it is reasonable to spec-
ulate that high-pressure Hz cofeeding may regulate the entire
dynamic reaction network by suppressing HT reactions (Fig. 3),
to achieve a moderate reaction course, thereby mitigating cat-
alyst deactivation.

Based on the above understanding of high-pressure H:
cofeeding effect, and further combined with our revelation of
the two characteristics of DME-weak HT ability and moderate
reaction kinetic [53], DME was used to replace methanol with
high-pressure Hz cofeeding to achieve a more moderate reac-
tion course with depressed HT reaction and further improve
the catalytic efficiency. Prospectively, compare to CH3OH-Hz
cofeeding reaction, a more pronounced catalyst lifetime exten-
sion and deactivation rate reduction were achieved in
high-pressure DME-H: cofeeding reaction (Fig. 9(a)).

4. Conclusions

This work uncovers the reactivity of methanol and DME for
hydrogen transfer reactions over SAPO-34 and their effects on
reaction network and catalyst deactivation. The effect of
cofeeding water and high-pressure Hz on MTO reaction are
investigated based on the direct experimental evidence from
the quantitative detection of HCHO.

By colorimetric analysis, the evolution of HCHO concentra-
tion throughout MTO and DTO processes was in situ quantita-
tively determined. Specifically, reactant-induced HT reactions
are prominent during the initial and deactivation stages with
semi-conversion, where slight and conspicuous amounts of
HCHO were detected, mainly generated by the zeolite-catalyzed
HT from methanol/DME to SMS and alkenes. Comparatively,
product-induced HT reactions are dominant at highly efficient

stage. Such dynamically evolving HT reactions as the hid-
den-line simultaneously occur and interplay with the main
reactions of olefin generation as the open-line, constituting a
complete dynamic reaction network of MTO and DTO. HT reac-
tions are not only responsible for the generation of unsaturated
active intermediates as autocatalyst, but also cause the coke
deposition, which thus contributes to the dynamic evolution of
autocatalytic network from initiating to decaying.

Even possessing the close reaction course, compared to
MTO, the higher overall barrier of HT reactions for DME with
weak HT ability in DTO reaction depresses the reac-
tant-induced HT reactions and thus the generation of HCHO
and alkanes, which enables relatively prominent olefins-based
cycle, and manifests relatively moderate reaction and slow
deactivation process. In contrast, methanol behaves both as
H-acceptor (production of methane and H-poor species directly
promoting coking process) and donor (production of HCHO
inducing HCHO-mediated deactivation process) with strong HT
ability, which exacerbates the competition between methyla-
tion and HT of methanol, and enables the reactant-induced
deactivation pathway critical for MTO.

HCHO was still detected in the MTO and DTO reaction with
water or high-pressure Hz cofeeding. Importantly, cofeeding
high-pressure Hz with DME (instead of methanol) capacitates
the modulation of dynamic reaction network to a more moder-
ate autocatalysis evolution with depressed HT reaction, which
was endowed by the weak HT ability and frustrated mass
transfer (arousing low local chemical potential of reactant) [53]
of DME and high-pressure H: effect. In this way, a long-term
and highly efficient operation of DTO reaction with great po-
tential in practical industrial application is achieved. These
practice and knowledge are meaningful for the development
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and application of efficient process and catalyst to fulfil the
delicate control of the dynamic and complicated reaction net-
work.
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